Purpose: Curative radiation therapy is an established treatment option for non-surgical patients with early-stage endometrial carcinoma. Dosimetric analyses were performed using a single tandem, double tandem, Heyman capsules, and an inflatable intrauterine balloon to assess the dose homogeneity and conformality in the definitive treatment of inoperable endometrial cancer. Methods and Materials: Patients' informed-consent was obtained. Dosimetric analyses were performed using four different after-loading applicators to assess the dose homogeneity and conformality of isodose to the three-dimensional (3-D) shape of the target volume (uterus) based on CT data in four patients (n = 4). The single tandem and double tandems were standard Fletcher-type (Nucletron Corporation, Columbia, MD). Heyman capsules were the disposable after-loading type (Radiation Products Design, Inc., Albertville, MN). The inflatable balloon with a central bi-lumen catheter was the Mammo Site Radiation Therapy System (Proxima Therapeutics, Alpharetta, GA) that is currently used for local breast brachytherapy. Treatment planning and dosimetric analyses for all four techniques were done with HDR PLATO Brachytherapy (v14.2.3) Software (Nucletron Corporation). Results: The average dose gradient within the target (uterine wall) is highest with the tandem methods, followed by Heyman capsules. The intrauterine balloon method showed the least dose gradient across the uterine wall. The corresponding average homogeneity indices were 3.81, 3.83, 2.97, 2.50 for single tandem, double tandem, Heyman capsules, and intrauterine balloon respectively. Conclusions: The intra-uterine inflatable balloon appears to have the best overall dosimetric advantages for the treatment of the uterine wall. Furthermore, the potential ease of use, shorter time of applicator placement, and better patient comfort warrant further investigation and subsequent clinical implementation.
Introduction
Endometrial cancer is the most common gynecologic malignancy in the United States and is the fourth most common cancer in women. The estimated incidence for US women in 2012 is 47,130 new cases [1] . Standard of care is treatment with surgical resection which includes a total abdominal hysterectomy with bilateral salpingooopherectomy in addition to pelvic lymph node sampling depending on the stage of the disease. Some high risk patients require adjuvant treatment with radiation and/or chemotherapy, or both, based on pathologic findings. In patients who are deemed to be inoperable secondary to medical comorbidities, curative radiation therapy is an established treatment option for endometrial carcinoma. Inoperable cases make up less than 5% of endometrial cancers. Some series have reported that treatment with definitive radiation results in inferior outcomes compared to definitive surgery centered primarily on the fact that radiation treatments are delivered based on clinical staging compared to surgery which is based on pathologic staging. However, multiple series have also shown that overall local control rate of 75% (range 60% -85%) have been achieved with disease-specific survival of approximately 65% (50% -85%) for patients with early-stage disease treated with definitive radiation [2] - [11] . These results approach those of surgical data.
Brachytherapy is an essential part of the treatment course whether it follows external treatments or is given alone following surgery. In patients who receive definitive treatment without surgery, it is an essential component of the treatment course to provide high doses to clinical disease while at the same time allowing for rapid dose fall-off to spare critical structures in the pelvis from unnecessary radiation dose. The clinical target volume (CTV) for unresectable early-stage patients typically includes the entire uterine body and the adjacent part of the cervix with the entire thickness of the uterus treated. The whole uterine wall is included as it becomes difficult to discriminate between exophytic and infiltrative disease without histopathologic specimens obtained by surgical removal of the uterus [12] . Some of the common methods of intra-uterine irradiation include single tandem with ovoids, double tandem, or Heyman capsule placement. The goal of this study was to evaluate an alternative novel method of brachytherapy using an intra-uterine inflatable balloon to irradiate the uterine wall. A dosimetric analysis of four different brachytherapy techniques was performed: single tandem, double tandem, Heyman capsules, and inflatable balloon to evaluate target coverage and dose homogeneity.
Methods and Materials
Four women with primary early stage endometrial cancer deemed to be unresectable participated in the study. Informed consent was obtained from each patient for each applicator used based on institutional guidelines. The single and double tandems used were standard Fletcher-type (Nucletron Corporation, Columbia, MD). Heyman capsules were the disposable after loading type (Radiation Products Design, Inc., Albertville, MN). A total of 8 capsules were used. The inflatable balloon with a central bi-lumen catheter is the Mammo Site Radiation Therapy System (Proxima Therapeutics, Alpharetta, GA) that is currently used for local breast irradiation. Forty cubic centimeter volume was utilized. Instrument insertion was performed in an operative suite under conscious sedation. Following placement of the brachytherapy instruments, patients were then transported to the CT simulator. Rectal and bladder contrast was utilized for target delineation following which CT images were obtained on the pelvis. CT images were then transported to the planning software [13] .
Treatment planning and dosimetric analyses were done with HDR PLATO Brachytherapy (v14.2.3) software (Nucletron Corporation). Plan optimization was performed using three-dimensional (3-D) interpolated contours of the target volume (uterus) based on CT data. Homogeneity (dose at inner surface/dose at outer surface of the uterine wall) and conformality indices were then calculated for each apparatus. Figures 1-4 illustrate the sample isodose lines generated by the different applicators.
Results
The average dose gradient within the target (uterine wall) is highest with the tandem methods, and closely followed by Heyman capsules. The balloon method showed the least dose gradient across the uterine wall. The corresponding average homogeneity indices were 3.81, 3.83, 2.97, 2.50 for single tandem, double tandem, Heyman capsules, and Balloon method respectively. With proper optimization, the 3-D dose clouds of Heyman capsules and balloon catheter method conformed to the shape of each uterus better than the single or double-tandem methods, especially in the anterior-posterior (AP) direction as suggested by the conformality indices (1.16 and 1.20 for the Heyman capsules and inflatable balloon respectively compared to 2.33 and 1.32 for the tandem techniques). The results are summarized in Table 1 . The intra-uterine balloon and single tandem were noted by the practicing radiation physician to have the easiest and fastest placement compared to the double-tandem and Heyman capsule placement, with Heyman capsule placement being the most technically challenging.
Discussion
Women who present with inoperable endometrial cancer are often poor surgical candidates because of other medical problems. These patients can be treated effectively with definitive radiation therapy based on outcomes from multiple retrospective series [2] - [11] . However, the very problem that deems them inoperable can also make them high risk for radiation treatment related complications when considering which radiation treatment technique to use. These patients can be treated with a combination of therapies including external beam and intracavitary brachytherapy. Whichever treatment is chosen, the ultimate goals are to provide adequate dose to treat the disease, while at the same time, sparing dose to normal structures in the pelvis.
Standard intracavitary brachytherapy techniques have included single tandem, double tandem and Heyman capsules for patients treated with intact uterus [12] . Each technique has its advantages and disadvantages which can significantly affect confidence of the user. Most of these methods can be placed under conscious sedation, obviating the need for general anesthesia, which may have precluded surgery in the first place.
In this study, a novel new technique has been proposed using an intra-uterine inflatable balloon similar to those used in other cancer sites to provide adequate dose coverage. Inflatable balloon techniques have been used in breast cancer as a means to deliver partial breast irradiation with acceptable local control [14] .
Based on this dosimetric analysis, the intra-uterine inflatable balloon appears to have the best dosimetric advantages for the treatment of the uterine wall compared to single tandem, double tandem and Heyman capsules. Better dose homogeneity and conformality was found for the intra-uterine balloon technique. Improved homogeneity can lead to better control rates as the entire target volume receives an adequate tumoricidal dose. Better conformality can reduce high doses to critical organs by providing rapid dose fall and thus reduce acute and late toxicities. The intra-uterine balloon was noted to be the easiest and fastest to place compared to Heyman capsules and double tandems. The intra-uterine single tandem and Heyman capsules were also noted to have risk of slippage or displacement compared to the double tandem and inflatable balloon which are secured by intra-uterine anchoring.
Recent evidence has been published using an intra-vaginal balloon technique (GynSite ® ) in patients requiring adjuvant radiation for endometrial cancer. Miller et al. treated 30 consecutive operable patients with endometrial cancer with 6 weekly fractions of adjuvant HDR brachytherapy using the intra-vaginal balloon. They reported excellent radiation dose coverage with acceptable doses to the bladder and rectum [15] . While this study pertains to patients who initially received surgical resection, the acceptable coverage using an intra-vaginal balloon provides more evidence for this dosimetric analysis using an intra-uterine balloon in inoperable patients.
There are limitations of the data presented due to anatomical differences in the shape, thickness, and size of the uterus of individual patients. CT artifacts may have obscured anatomy. Furthermore, the selection of the isodose lines at high dose are estimates and calculations of homogeneity and conformality indices based on these numbers and DVH's can be potentially misleading. However, the observed trend of better coverage with more homogenous dose across the uterine wall using the intrauterine balloon is encouraging and warrants further Homogeneity index = dose at inner surface/dose at outer surface of the uterine wall. Conformality index = target volume/treatment volume.
investigation. The next step of investigation would then be to proceed with a Phase I/II study to determine clinical outcomes, as this study looked at dosimetric outcome as its primary endpoint.
Conclusion
The intra-uterine inflatable balloon appears to have the best overall dosimetric advantages for the treatment of uterine wall in inoperable patients with uterine cancer. Furthermore, the potential ease of use, shorter time of applicator placement, and potentially superior patient comfort, warrant further investigation and subsequent clinical implementation.
